ions all influence the resting membrane potential of the neuron. However, the mechanisms by which extracellular Na + and Ca 2+ regulate basal neuronal excitability are not well understood. Recent findings suggest that NALCN, in association with UNC79 and UNC80, contributes a basal Na + leak conductance in neurons. Mutations in Nalcn, Unc79, or Unc80 lead to severe phenotypes that include neonatal lethality and disruption in rhythmic behaviors. This review discusses the properties of the NALCN complex, its regulation, and its contribution to neuronal function and animal behavior.
Introduction
The membrane potential of a neuron is determined by the concentrations of ions outside and inside the cell as well as the permeability of the membrane to each ion. In the presence of K + , Na + and Cl À , for example, the relationship between the resting membrane potential (RMP), the concentration of each ion, as well as their relative permeability can be quantitatively determined by the Goldman-Hodgkin-Katz (GHK) voltage equation (Hodgkin and Katz, 1949b) . At rest, most neurons are primarily permeable to K + , resulting in an RMP closer to the equilibrium (Nernst) potential of K + (E K $À90 mV) than to that of Na + (E Na , $+60 mV). The influence of Cl À can be complex because of large variation in intracellular Cl À concentrations ([Cl] i ), thus E Cl , due to variation in the expression of Cl À transporters. For example, [Cl] i starts high in the immature hippocampal neurons but decreases during maturation because of increases in the expression of KCC2 K + /Cl À cotransporter and the increase in Cl À exclusion, resulting E Cl switching from being depolarized to RMP to one that's hyperpolarized to RMP (Rivera et al., 1999) . As a consequence, the same neurotransmitter GABA acting through the Cl À channel GABA A receptor can be excitatory in an immature neuron but inhibitory in adult (Ben-Ari et al., 1989) . In some neurons without much active Cl À transporter activity, Cl À is generally believed to have less direct effect on RMP because the ion distributes across the membrane passively (i.e., i Cl = 0), resulting a simplified GHK equation where RMP is mainly determined by the cell's relative permeability to Na + and K + (P Na /P K ) (Hodgkin, 1958) . Many Cl À conductances have been molecularly identified (Jentsch et al., 2002) . Similarly, numerous K + channels contribute resting K + conductances. In addition to some voltage-gated K + channels (K V ) that are open at RMP, there are K + conductances that are voltage-independent and are constitutively open at RMP; these contribute the ''leak'' K + current. In mammals, the two pore-domain family of K + leak channels (K2P) has 16 members (Goldstein et al., 2005) . K2P channels can be regulated by a wide variety of physiological stimuli such as pH, anesthetics, and mechanical force. The regulation of these channels provides a powerful mechanism by which the neuron can control its excitability (Honoré , 2007) .
Despite the dominant contribution of K + channels to the resting conductance of neurons, the RMP of most mammalian neurons is in the range of À50 to À80 mV (as far as 40 mV depolarized to E K ), suggesting existence of other resting conductances. Indeed, each of the three cations (Na + , K + , and Ca 2+ ) in the Ringer's solution used in early heart-beat studies has been shown to influence neuronal excitability (Frankenhaeuser and Hodgkin, 1955; Hodgkin and Katz, 1949a; Hodgkin and Katz, 1949b; Ringer, 1883) . However, the means by which Na + and Ca 2+ influence basal excitability are not well elucidated. Data accumulated in the past several years suggest that NALCN, a Na + -permeable, nonselective cation channel widely expressed in the nervous system, contributes a TTX-resistant Na + leak conductance (Lu et al., 2007) . In addition, the channel also plays a major role in determining the sensitivity to extracellular Ca 2+ of neuronal excitability. The current review focuses on the molecular mechanisms, function, and regulation of the NALCN channel complex.
Na + Leak in Neurons
The existence of basal Na + conductance was first reported more than 60 years ago. In the squid giant axon, Hodgkin and Katz estimated that the resting relative permeability of Na + and K + (P Na /P K ) was 0.04 (4%) (Hodgkin and Katz, 1949b) . Several cellular mechanisms contribute to the resting background Na + conductance. First, Na + -dependent cotransporters and some of the electrogenic exchangers allow Na + into neurons. Second, in some neurons, the hyperpolarization-activated cation channels (HCN, I f /I h current), which conduct Na + , are open at rest (Robinson and Siegelbaum, 2003) . HCN channels are not present in some animals, such as the nematode C. elegans. Third, persistent Na + currents (I NaP ) at RMPs can be generated during depolarization (Grieco et al., 2005; Raman and Bean, 1997) . These subthreshold, Na V -dependent conductances are highly sensitive to voltage and are mostly blocked by tetrodotoxin (TTX) in the central nervous system. Finally, many neurons also exhibit a TTX-resistant, voltage-independent, ''true'' background Na + conductance (Na + leak current, I L-Na ) (Atherton and Bevan, 2005; Eggermann et al., 2003; Jackson et al., 2004; Jones, 1989; Khaliq and Bean, 2010; LeSauter et al., 2011; Peñ a and Ramirez, 2004; Raman et al., 2000; Russo et al., 2007) .
The most obvious function of the tonically active background Na + conductance is perhaps to balance the K + leak to set the RMP, which would be at $À90 mV (E K ) in all the neurons if there were only basal K + conductance. A tonic leak of other ions such as Ca 2+ , Mg 2+ , and H + can hypothetically achieve the same goal, but excessive leak of these ions into neurons can be damaging to the cells because of the cellular metabolism's high sensitivity to the intracellular concentrations of the ions. By varying the basal P Na /P K , the nervous system can have a wide range of RMPs among different neurons, a heterogeneity in neuronal intrinsic properties known to exist in the brain (Kandel et al., 2000; Lliná s, 1988) .
Another function of the Na + conductance is to provide a regulation of the membrane potential by environmental stimuli. One such example was demonstrated in the excitation of sympathetic ganglion neurons in the frog (Jan and Jan, 1982; Kuffler and Sejnowski, 1983) . In addition to small-molecule neurotransmitters such as acetylcholine, the spinal nerves also release peptide neurotransmitters such as LHRH-and substance P (SP)-like peptides to excite the sympathetic ganglion neurons. These peptides elicit ''late slow'' depolarization that lasts minutes (Jan and Jan, 1982; Kuffler and Sejnowski, 1983) . In addition to suppressing K + currents such as the M-current, the neurotransmitters can also excite the neurons through activation of a Na + -dependent basal cation current that is apparently carried by the basal Na + leak conductance (Brown and Adams, 1980; Jones, 1985; Kuba and Koketsu, 1978) . Such a mechanism of excitation through the activation of Na + -leak-like basal conductances has also been found in the excitation of serotonin neurons in the dorsal raphe nucleus by orexin (Liu et al., 2002) , VTA dopaminergic neurons by SP and neurotensin (Farkas et al., 1996) , locus coeruleus neurons by SP and muscarine (Shen and North, 1992a; Shen and North, 1992b) , and pre-Bö tzinger complex neurons by serotonin and SP (Peñ a and Ptak et al., 2009) . Similarly, suppression of a Na + leak-like current can lead to hyperpolarization by driving the RMP toward E K , as suggested in the gastrin-releasing peptide containing retinorecipient neurons in the suprachiasmatic nucleus (SCN). In these neurons, a one-hour light exposure causes a large reduction (>100 pA) of what appears to be a Na + -leak current and a hyperpolarization of membrane potential by 15 mV (LeSauter et al., 2011) .
Background Na + leak conductances are also implicated in the generation and/or maintenance of spontaneous firing of neurons. Neurons with autonomous firing have been found in many regions in the nervous systems (Hä usser et al., 2004; Lliná s, 1988) . The ability to generate rhythmic firing in some neurons is clearly the cell's intrinsic property as it persists in dissociated neurons in culture and in slices when synaptic transmission is blocked. Subthreshold conductances such as the TTX-sensitive persistent Na + conductance, resurgent Na + conductance, voltage-activated Ca 2+ channels and I h have been shown to be the major determinants in the autorhythmicity in many neurons such as cerebellar Purkinje neurons (Raman and Bean, 1997; Raman et al., 2000) and substantia nigra pars compacta neurons (Chan et al., 2007; Guzman et al., 2009; Puopolo et al., 2007) . In some neurons such as the cerebellar nuclei neurons (Raman et al., 2000) , cerebellar unipolar brush cells (Russo et al., 2007) , SCN neurons (Jackson et al., 2004) , dopaminergic VTA neurons (Khaliq and Bean, 2010) , and substantia nigra pars reticulata neurons (Atherton and Bevan, 2005) , the autonomous firing also involves conductances similar to the TTX-insensitive background Na + -leak conductance. The presence of such a conductance is proposed to set the ''resting'' membrane potential close to the threshold (for example À50 mV) above which voltage-sensitive channels are activated, or to depolarize the cells to the threshold potential during interspike interval (Khaliq and Bean, 2010) . In several cases where the background conductances were measured at multiple voltages (Jackson et al., 2004; Raman et al., 2000) , they were shown to be voltage-independent and relatively nonselective as the reversal potentials of the extrapolated current (I)-voltage (V) relationships were close to 0 mV. These properties of the currents are similar to those of NALCN, although whether they are indeed carried by NALCN remains to be tested (Lu et al., 2007) .
NALCN Channel Protein
NALCN is a member of the 24-transmembrane domain (24-TM) ion channel superfamily, which also includes the ten voltagegated Ca 2+ channels (the L-type Ca V 1.1-1.4, P/Q type Ca V 2.1, N-type Ca V 2.2, R-type Ca V 2.3, and T-type Ca V 3.1-3.3 channels) and ten Na + channels (Na V 1.1-1.9 voltage-gated channels and the non-voltage-gated Na X ) (Lu et al., 2007; Snutch and Monteil, 2007) . The pore-forming a subunits of these channels have four homologous domains (I-IV), each of which has six transmembrane segments (S1-S6) (Catterall, 2000) . Several other channel families having a 6-TM structure also share high sequence similarity with the NALCN/Na V /Ca V family (Figure 1 ). These include the bacterial voltage-gated Na + channels (Na V Bac) (Ren et al., 2001b) , the bacterial putative voltage-gated Ca 2+ channels (Ca V Bac), and the pH-gated Ca 2+ channels (CatSpers1-4) that are found in both vertebrates and invertebrates and, in mammals, are localized to sperm and required for male fertility (Ren and Xia, 2010) . Ca V Bac has not been electrophysiologically characterized but, because of its TFEDWTD sequence in the pore region (see Figure 3B ), is predicted to be Ca 2+ selective based on mutagenesis studies done to convert the NaChBac Na + channel to a Ca 2+ channel
CaChBac (Yue et al., 2002) . NALCN, Ca V , Na V , Na V Bac, Ca V Bac, and CatSper channels contain highly homologous sequences in the S1-S4 voltage-sensing domains (VSDs) and, in particular, the channel pore regions; thus, the 24-TM channels likely evolved through duplication from 6-TM bacteria channels. (Calcraft et al., 2009) . Unlike some channels, such as Na V and CatSper, NALCN is found in all animals studied, from humans to D. melanogaster, C. elegans, snails, sea urchins, and the placozoan Trichoplax adhaerens. Most species appear to have only one Nalcn gene; however, C. elegans, which does not have Na V channel, has two Nalcn genes. Similar to the other 24-TM channels, NALCN is not found in plants such as Arabidopsis. Intriguingly, Saccharomyces cerevisiae (budding yeast) has only one 24-TM channel (CCH1), whose nearest homolog is NALCN, suggesting an early appearance of 24-TM channels in eukaryotes during evolution (Hong et al., 2010) .
The existence of NALCN as the third branch of ion channels in the 24-TM channel family was first evident when large amount of genomic and cDNA sequences became available in the late 1990s. By searching databases with template sequences from Na v s and high-voltage-activated Ca V s (the only known 24-TM channels at that time), partial sequences encoding novel channels with sequences similar to those of Na v s and Ca v s, especially in the pore region, were found. These include the T-type Ca V s (Perez-Reyes et al., 1998) , TPCs (Ishibashi et al., 2000) , CatSpers (Ren et al., 2001a) , and NALCN from rats (named as Rb21) (Lee et al., 1999) , humans (VGCNL1), C. elegans (NCA) and Drosophila (Dma1U for unique a1 subunit) (Littleton and Ganetzky, 2000) . The in vivo importance of NALCN was first revealed by the findings that several alleles of an existing Drosophila mutant (na for narrow abdomen, and har for halothane resistance) have a 9 nt deletion (in the na allele) predicted to lead to a deletion/alteration of four amino acids (na) or a point mutation predicted to alter RNA splicing (har) in the Dma1U gene (Nash et al., 2002) . These hypomorphic mutant flies have severely reduced expression of the NALCN ortholog. They are viable but have disruptions in circadian rhythm and sensitivity to halothane. Nalcn mutations leading to significant phenotypes were later reported in C. elegans (Humphrey et al., 2007; Jospin et al., 2007; Pierce-Shimomura et al., 2008; Yeh et al., 2008) and the mouse (Lu et al., 2007 ) (see more discussions in later sections.).
NALCN has several unique biophysical properties (Lu et al., 2007) . For example, it is voltage-independent, with a linear current (I)-voltage (V) relationship over the tested range of À100 mV to +100 mV (Figure 2 ). In addition, NALCN does not inactivate. Interestingly, NALCN is the only nonselective channel found in the 24-TM channel family and is equally permeable to Na + , K + , and Cs + . At RMPs, which are normally close to E K , the major charge-carrying ion for NALCN is Na + .
Consistent with its unique functional properties, the NALCN protein also has two quite unusual structural features that separate itself from the other 20 members of the 24-TM family: these are the S4 segments and the pore region sequences. In K V s, Ca V s, and Na V s, charged residues (lysine, arginine: K/R) are present in every third position along the S4 segments. In NALCN, the S4 segments have fewer charged residues (13 versus the 21 found in Na V 1.1 or Ca V 1.1). The S4 of domain IV (IVS4) of NALCN has only two charged residues, while Ca V s and Na V s have more than four, and these two residues are not evenly spaced in an every third position manner ( Figure 3A ). In Na v s, all the S4s contribute to channel activation, although unequally (Bezanilla, 2000; Kontis et al., 1997) . MTSET accessibility studies also show that, in Na v 1.1, two of the charged residues in IVS4 (missing at NALCN's corresponding positions) move from internally accessible positions to extracellularly accessible ones (Yang et al., 1996) . In addition, the charged residues in the S4s, especially of domains III and IV, are also important for Na v The 24-TM (four-repeat, I, II, III, and IV) channel superfamily (upper) can be divided into three branches: NALCN (voltage-independent, non-selective, one member in mammals), Ca V s (voltage-gated, Ca 2+ selective, 10 members) and Na + -selective channels (9 Na V s and one Na x ). Three families of 6-TM channels (lower) also have the T/S-x-E/D-x-W pore motif (see Figure 2 ) and have high sequence similarity with the 24-TM channels. They are the alkalinization-activated CatSper Ca 2+ channels (CatSper1-4), bacterial voltage-activated Na + channels (Na v Bac) and putative bacterial voltage-activated Ca 2+ channels Ca v Bac (see Figure 2 ). (Cha et al., 1999) . However, difference in the S4s alone may not explain why NALCN is voltage insensitive and doesn't have inactivation. Indeed, a mutant tetrameric K + channel can still be voltage-gated even when artificially engineered to have only one 6-TM subunit (equivalent to one of the four domains in the 24-TM channels) with an intact S4 but the other three without any charged residues in their S4s (Gagnon and Bezanilla, 2009 ). On the other hand, cyclic-nucleotide-gated (CNG) channels made of tetramers of 6-TM proteins are only weakly voltage-sensitive despite having charged residues in their S4s. Indeed, when the S4 of CNGA2 is used to replace that of the EAG (KCNH2) K v channel, it is fully functional in sensing voltage changes and in supporting a voltage-gated K + channel (Tang and Papazian, 1997) . It therefore remains possible that NALCN's voltage insensitivity lies in regions besides the S4s, such as the C-terminal part of S3 and the S3-S4 linker that together with S4 form the voltage-sensor paddle as shown in the crystal structure of K v channels (Jiang et al., 2003) . Alternatively, NALCN's VSDs may be functional but there is ''defect'' in the coupling between voltage-sensing and channel gating. The functionality of NALCN's four VSDs can be tested by transferring each of them into homotetrameric K v channels (Bosmans et al., 2008; Xu et al., 2010) .
The second unique feature of NALCN is its pore filter ( Figure 3B ). The selectivity filter in Ca V , Na V, and K V is surrounded by the VSDs and is formed by the S5-S6 pore (P) loops that are contributed by each 6-TM domain (Doyle et al., 1998; Jiang et al., 2003; MacKinnon, 1995; Miller, 1995; Payandeh et al., 2011) . In Ca V s, the Ca 2+ selectivity requires one glutamate (E) or aspartate (D) residue contributed from each of the four homologous repeats (EEEE motif) in the pore filter (Heinemann et al., 1992; Yang et al., 1993 ). Na V s have a DEKA motif in the analogous position ( Figure 3B ). NALCN has an EEKE motif, a combination of the EEEE (Ca V ) and DEKA (Na V ) motifs. The EEKE motif is conserved in NALCN homologs in mammals, D. melanogaster and C. elegans. NALCN from the fresh water snail Lymnaea stagnalis has an EKEE motif (Lu and Feng, 2011) . In Na v , mutating the DEKA motif into DEKE converts the Na + selective channel into a channel conducting primarily Na + but also some K + and Ca 2+ (Schlief et al., 1996) . Likewise, mutating the EEEE motif of Ca V s into EEKE enables the otherwise highly Ca
2+
-selective channels permeable to monovalent ions (Parent and Gopalakrishnan, 1995; Tang et al., 1993; Yang et al., 1993) . Therefore, NALCN's EEKE motif, and perhaps together with sequences surrounding it, is likely responsible for the channel's relative lack of selectivity among monovalent cations (Williamson and Sather, 1999; Yue et al., 2002) . The in vivo significance of NALCN's EEKE motif has been demonstrated by the finding that a mutant cDNA encoding an EEEE motif, when transgenically expressed in the Drosophila na mutant, is much less capable of rescuing the phenotypes than the wild-type cDNA (Lear et al., 2005) . This rescue experiment with pore mutants also provided the in vivo evidence confirming that NALCN is indeed an ion channel.
Currently, the only available high-resolution structure in the NALCN/Ca V /Na V / CatSper/Na V Bac superfamily is that of a bacterial voltage-gated Na + channel isolated from Arcobacter butzleri (Na V Ab) (Payandeh et al., 2011) . Given the overall sequence similarity, especially in the pore regions, between Na V Ab and other channels in these families, the structure of the Na V Ab homotetramer likely has many of the key signatures of Na V s, Ca V s, and NALCN. The overall structure of Na V Ab is similar to that of the K V s and is composed of an S1-S4 VSD and a channel pore formed by S5-S6. Unique to Na V Ab is a large fenestration on the side of the pore. Na V Ab also has an additional pore helix (P2) in addition to the helix (P) also found in K V channels. This P2 helix is C-terminal to the P helix and contains the tryptophan residue (W) of the T/SxE/DxW signature found in all the 24-TM channels (Payandeh et al., 2011;  Figure 3B ). In addition, C-terminal to the tryptophan residue in the P2 helix are several amino acids that have been shown to influence channel selectivity, as demonstrated for the bacterial voltage-gated Na + channel NaChBac (Ren et al., 2001b; Yue et al., 2002) . In the homotetrameric Na V Ab channel, the four glutamate (E) residues in the T/SxE/DxW pore signature form the narrowest ring in the pore filter. In the NALCN protein, one of the glutamate residues in repeat III is replaced by a lysine.
NALCN Channel Complex
Many of the Ca 2+ /Na + channels consist of multiple subunits. For example, the Na V complex is composed of a pore-forming (B) Alignment of the two helices (P, P2) in the pore filter regions of representative 24-TM, four-repeat (I, II, III, IV) channels (NALCN, Ca v , and Na v ) and 6-TM, single repeat channels (CatSper, Ca v Bac, Na v AB). The T/SxE/DxW pore signature is boxed. NavAB is the only one whose structure has been determined at high resolution (Payandeh et al., 2011) . The CavBac sequence is from psychrophilic bacteria Colwellia psychrerythraea (strain 34H, accession # AAR26732). Its sequences in the P2 helix region (FEDWT(D) predict that it's a Ca 2+ channel based on mutagenesis study in NaChBac (Yue et al., 2002) . Many bacteria strains have been found to have Ca v Bac proteins, but they have not been electrophysiologically characterized.
a subunit and two transmembrane auxiliary subunits, b1 and b2 (Catterall et al., 2002) . Similarly, high voltage-gated Ca V s contain the pore-forming a1 subunit, an intracellular b subunit, an a2/d subunit, and, in some cells such as skeletal muscle cells, a transmembrane g subunit (Catterall, 2011) . Likewise, CatSper channels contain four pore-forming subunits (CatSper1-4) and at least three membrane-spanning auxiliary subunits (b, g, and d) (Chung et al., 2011; Ren and Xia, 2010) . The subunit composition of the low-voltage gated Ca V s (T-type) is not known. Many of the non-pore-forming, auxiliary subunits are essential for various aspects of basic channel function (Arikkath and Campbell, 2003) .
The elucidation of the NALCN complex has been greatly facilitated by genetic studies in Drosophila, C. elegans, and mice. Several lines of evidence suggest that the NALCN complex contains the pore-forming subunit, NALCN itself, and two additional proteins, UNC79 and UNC80 (ortholog of C. elegans Unc-79 and Unc-80, respectively). First, mutations in Unc79 and Unc80 in Drosophila, C. elegans, and the mouse have essentially identical phenotypes to those of Nalcn mutants. Second, mutation in one of these genes also affects the protein levels and/or localization of the others (Humphrey et al., 2007; Jospin et al., 2007; Nakayama et al., 2006; Pierce-Shimomura et al., 2008; Yeh et al., 2008) . Defining evidence that UNC79 and UNC80 form a physical complex with NALCN came from coimmunoprecipitation experiments in mouse brain showing that antibody against any one of the three could bring down the others (Lu et al., 2009; Lu et al., 2010) . Whether there are other core subunits in this complex awaits the purification of the protein complex and a determination of the subunit composition.
UNC79 and UNC80 are well conserved among animals but share no obvious sequence similarity with any other protein with known function (Humphrey et al., 2007; Jospin et al., 2007; Lu et al., 2009; Lu et al., 2010) . Both are large proteins (2654 aa and 3326 aa, respectively, in humans), larger than any known auxiliary subunit in the 24-TM channel family. Despite their size, there are no obviously identifiable protein domains in UNC79 and UNC80. The lack of sequence similarity among the auxiliary subunits of the NALCN, Na V s, Ca V s, and CatSper suggest that, unlike the pore-forming subunits, the auxiliary subunits evolved independently.
In heterologous expression systems, UNC80 and NALCN have been shown to interact (Lu et al., 2009 . UNC79 and UNC80 also associate with each other, and UNC79 requires the presence of UNC80 to associate with NALCN. These data suggest a NALCN complex model whereby UNC80 serves as a bridge between UNC79 and NALCN (Figure 4) .
In Unc79 knockout mouse brain, UNC80 protein is also undetectable, but NALCN is present. Unc79 mutant neurons also retain the NALCN-dependent basal Na + leak current . Unlike in wild-type neurons, the current in the mutant is not regulated by G protein-coupled receptors (GPCRs; see below). However, the GPCR regulation of NALCN can be restored by overexpression of UNC80 in the Unc79 knockout, suggesting that UNC80 is not required for the basal function of NALCN, but is required for the regulation of the channel . Consistent with this idea, NALCN alone forms a leak channel when transfected into HEK293 cells, but its regulation by several GPCRs requires the cotransfection of UNC80 . The function of UNC79 is less clear. The whole-cell basal Na + leak is of a similar size in neurons cultured from the wild-type and in neurons from the Unc79 knockout mouse, and overexpression of UNC80 in an Unc79 null background restores the regulation of NALCN, suggesting that this channel's biophysical properties in mouse brain, as they are currently understood, do not require UNC79 . In agreement with this concept, the co-transfection of UNC79 with UNC80 and NALCN does not appear to affect the NALCN current in HEK293 cells. Therefore, the function of UNC79 in mammalian brain may perhaps be to control the stability and trafficking of UNC80, and to determine the localization of the NALCN complex with its various isoforms, thereby indirectly affecting NALCN's function in various neuronal compartments. The NALCN complex in the brain consists of NALCN, UNC80 and UNC79. UNC80 directly associates with NALCN and UNC79 forms part of the complex by its interaction with UNC80. There is a tonic suppression of I NALCN by activated CaSR at normal [Ca 2+ ] e level, which involves G-proteins, UNC80, the last amino acids of NALCN and perhaps those of CaSR. Lowering [Ca 2+ ] e releases the suppression, increases I NALCN , generates a low [Ca 2+ ] e -activated inward current (I LCA ) and excites neurons. NALCN can also be activated by substance P (SP) receptor TACR1 in a G protein-independent manner that requires the Src family of kinases (SFKs) and UNC80. The interplay between the positive regulation of NALCN through SFKs and the negative control via G proteins may determines the basal levels of Na + leak in neurons (modified from Lu et al., 2010 (Raman and Bean, 1997) . In the cultured mouse hippocampal neurons, I L-Na can be partially blocked by TTX ($18%, presumably contributed by the window current through Na V ) and by 2 mM Cs ($10%, likely through HCN channels). The remaining $72% current can be almost completely blocked by genetic deletion of Nalcn or by applying the nonspecific NALCN blocker, Gd 3+ (10 mM) (Lu et al., 2007) . The complete elimination of I L-Na by blocking Na V s, HCNs, and NALCN suggests that, in these neurons, these three channels make the major contributions to the resting Na + leak current, with NALCN having the largest ($70%) contribution. This is somewhat surprising given that some of the 26 mammalian TRP channels are also found in neurons and, when expressed heterologously, they are open at RMPs (Ramsey et al., 2006) . Many of the TRP channels are used for sensory detection and it's not clear whether they contribute basal Na + conductance.
The RMP of the Nalcn knockout hippocampal neurons is approximately 10 mV more hyperpolarized than that of wildtype neurons, and is less sensitive to change in [Na + ] e . Conversely, overexpression of NALCN leads to a depolarization of $20 mV of the RMP (Lu et al., 2007) . In the snail Lymnaea stagnalis, knocking down NALCN in a pacemaker neuron (RPeD1) also leads to an $15 mV hyperpolarization of the RMP (Lu and Feng, 2011 Pumain et al., 1985) . Single stimuli are also believed to lead to Ca 2+ depletion in microdomains such as the synaptic cleft (Borst and Sakmann, 1999; Rusakov and Fine, 2003; Stanley, 2000 ] e can also induce seizure in intact animals and seizure-like activities in brain slices and single neurons (Feng and Durand, 2003; Kaczmarek and Adey, 1975 (Frankenhaeuser and Hodgkin, 1957; Hille, 1968) . Since this effect affects both Na V s and the ''opposing'' K V s, the net effects on neuronal excitability due to chargescreening of Ca 2+ can be complex. Second, a reduction in [Ca 2+ ] e may influence ion channel selectivity, as best illustrated for Ca V . Ca V s are highly selective for Ca 2+ (P Ca /P Na > 1,000), but become nonselective and conduct monovalent ions such as Na + and K + when [Ca 2+ ] e is dropped to mM range (Almers and McCleskey, 1984; Hess et al., 1986; Yang et al., 1993 e also affects other channels that may be present in the neuronal membrane, such as the transient receptor potential (TRP) channel family (Owsianik et al., 2006; Wei et al., 2007) .
A moderate reduction in [Ca 2+ ] e , to submillimolar levels, for example, can also depolarize some types of neurons. This excitation is unlikely to be explained by the charge screening effect because it is present even when the extracellular divalent cation concentration is kept constant. One potential mechanism may be via the activation of depolarizing, nonselective cation currents by lowering [Ca 2+ ] e , as found in several types of neurons (Formenti et al., 2001; Hablitz et al., 1986; Smith et al., 2004; Xiong et al., 1997) . The molecular identities of the channels responsible for these currents, the mechanisms by which [Ca 2+ ] e change is coupled to channel opening, and the role of these channels in the regulation of neuronal excitability by [Ca 2+ ] e remain largely unknown. Recent findings suggest that Ca 2+ e tightly controls the size of the basal Na + leak current, I L-Na ] e , neuronal excitation can perhaps be mainly achieved via the charge screening effects and/or through the actions of Ca V s and TRP channels.
The mechanism by which Ca 2+ e modulates NALCN function is unique. For example, extracellular Ca 2+ regulates Ca V s and TRPs through a pore-blocking mechanism in which Ca 2+ ions bind to the channel pore, with affinities of mM range, and block the permeation of monovalent ions (Yang et al., 1993) . The pore of NALCN, however, is insensitive to extracellular Ca 2+ blockade; I NALCN from NALCN alone expressed in HEK293 cells, unlike that in neurons, is not inhibited by Ca 2+ . In neurons, the sensitivity of neuronal I NALCN to Ca 2+ requires the presence of UNC80. I NALCN is insensitive to Ca 2+ in the Unc79 knockout neurons, which also lack UNC80 protein, but the Ca 2+ sensitivity can be restored by UNC80 transfection . In addition, I NALCN 's Ca 2+ sensitivity in neurons requires several amino acids at the end of NALCN's intracellular C terminus. These properties point to an intracellular mechanism that mediates control of I NALCN by Ca 2+ e , in contrast to the extracellular pore-block mechanism used in other channels. Indeed, the activation of NALCN by a reduction in [Ca 2+ ] e requires G-proteins, as the inclusion of nonhydrolyzable GTP (GTPgS) and GDP (GDPgS) analogs prevents I LCA . The calcium-sensing receptor (CaSR), a Gq-coupled GPCR activated by extracellular cations and other ligands such as amino acids, is able to detect changes in [Ca 2+ ] e and couple them to NALCN . In cultured neurons, CaSR ligands inhibit I NALCN . In HEK293T cells, CaSR can reconstitute I NALCN 's Ca 2+ e sensitivity . CaSR is a member of the ''family C'' GPCRs, which also include the mGluRs, GABA B receptors, and the T1R taste receptors (Brown and MacLeod, 2001) . CaSR is best known for its function in the thyroid gland where it detects serum Ca 2+ level and controls the secretion of PTH to regulate systemic [Ca 2+ ] e . Like NALCN, CaSR is also widely expressed in the brain, and is highly expressed in the hippocampus and cerebellum (Ruat et al., 1995) . The neuronal function of CaSR is largely unknown. Recent studies indicate that activated CaSR stimulates dendritic growth in neurons (Vizard et al., 2008) and suppresses synaptic transmission (Chen et al., 2010; Phillips et al., 2008; Smith et al., 2004) . Several CaSR mutations in patients have been found to associate with seizure. CaSR-mediated NALCN activity could thus occur indirectly via alterations in serum [Ca 2+ ] in the brain due to a disruption of PTH levels. Intriguingly, several CaSR mutations have been found that do not result in altered PTH or serum Ca 2+ levels and yet are associated with seizure in affected individuals (Kapoor et al., 2008) . This systemic [Ca 2+ ]-independent effect of CaSR presumably reflects a non-traditional role for CaSR in the regulation of ion channels such as NALCN. G Protein-Independent Activation of NALCN by G Protein-Coupled Receptors Perhaps the most unusual mechanism for NALCN regulation is that by GPCRs in a G protein-independent manner. GPCR regulation of channel targets is generally believed to be via the trimeric G proteins Ga or Gbg, either directly through channel binding or indirectly through protein phosphorylation and second messenger generation. Many cloned ion channels have been shown to be regulated by GPCRs in this fashion (Hille, 2001) . However, earlier patch-clamp recordings with the inclusion of GTPgS or GDPbS in the pipette to ''lock'' G proteins in active or inactive states, respectively, suggest that there are channel currents activated by GPCRs without the active involvement of G proteins. One such current was recorded in cardiac myocytes, in which muscarine activated a Na + -dependent and TTX-insensitive inward current in the presence of GTPgS or GDPbS (Shirayama et al., 1993) . Similar ''atypical'' G protein independent GPCR-activated currents have also been recorded from pancreatic b cells and from neurons in several brain areas (Heuss and Gerber, 2000; Rolland et al., 2002) . The ion channels and the mechanisms underlying this activity are largely unknown; to date, NALCN is one of the best-characterized channels activated in this GPCR-dependent, G protein-independent fashion.
In several types of neurons, such as ventral tegmental area (VTA) dopaminergic neurons and hippocampal pyramidal neurons, NALCN can be activated by neuropeptides such as substance P (SP) and neurotensin (NT) (Lu et al., 2009) . The receptors for these peptides are GPCRs. However, the inclusion of GTPgS or GDPbS in the recording pipette does not prevent NALCN activation, suggesting G protein independence. The mechanisms underlying this G protein-independent NALCN activation are not fully understood but involve Src kinases, as the application of Src family kinase inhibitors, such as PP1, abolishes NALCN activation by the neuropeptides. Likewise, activation of Src kinases by including a Src-activating compound in the recording pipette can bypass GPCR activation, resulting in NALCN-mediated currents (Lu et al., 2009) . The activation of NALCN by SP also requires UNC80, which binds Src and helps scaffold Src into the NALCN complex . A similar G protein-independent, Src-dependent activation of NALCN is also found in pancreatic b-cells upon stimulation with acetylcholine (Swayne et al., 2009) . Since the activation of Src kinases lies downstream of many physiological stimuli such as neurotransmitters, growth factors, cytokines, cell adhesion molecules and mechanical stretch, these stimuli may regulate neuronal excitability via their action on NALCN. Synergism between the G Protein-Dependent and -Independent GPCR Regulations of NALCN Both of the G protein-dependent and -independent regulation of NALCN via GPCR signaling converge onto UNC80 and NALCN but require different intracellular signaling molecules (G proteins versus Src family kinases) (Figure 4 ). In addition, these mechanisms rely on different structural components of NALCN. Unlike the G protein-dependent regulation by Ca 2+ e , the G proteinindependent pathway activated by SP does not require the last C-terminal amino acids of NALCN, as truncated NALCN lacking the last C-terminal 100 amino acids, though insensitive to [Ca 2+ ] e , can still be activated by SP . The two pathways can also act synergistically on NALCN. For example, the reduction of [Ca 2+ ] e to 0.1 mM, or the application of SP, alone elicits $40 pA inward current. Simultaneous application of these stimuli induces an $400 pA current that is much larger than the sum of the two currents ( Figure 5 ). NALCN channels that lack the C-terminal amino acids do not display this synergism (Burgo et al., 2003) . Whether these two pathways influence distinct parameters such as the number of available channels (N) and the channel opening probability (P o ) remains unknown. The in vivo significance of this synergism is also not clear. In a mouse model of epilepsy, an increase of SP expression is believed to help induce and maintain the epileptic status (Liu et al., 1999) . Similarly, increases in Src kinase activity are accompanied by the induction of epileptiform activity in rat brain slices and inhibition of Src kinase can reduce epileptiform discharge (Sanna et al., 2000) . Since a reduction in [Ca 2+ ] e is associated with epilepsy, and can itself induce epileptiform activity, the synergistic effect of low [Ca 2+ ] e , together with excitatory neuropeptides and/or the activation of Src kinases, on NALCN-mediated currents may provide a powerful excitatory signal to the neurons .
NALCN Function at the Whole-Organism Level
Mutational analyses of Nalcn, Unc79, and Unc80 in mice, D. melanogaster, and C. elegans have clearly established NALCN as an essential ion channel. Mice without functional Nalcn or Unc79 are neonatal lethal (Lu et al., 2007; Nakayama et al., 2006; Speca et al., 2010) . In D. melanogaster, and C. elegans, mutating any of the three components of the NALCN complex results in severe behavior phenotypes (Humphrey et al., 2007; Jospin et al., 2007; Nash et al., 2002) .
Perhaps the most common phenotype resulting from mutations in any one of the three NALCN complex components is the disruption in rhythmic behaviors. In mammals, the rhythmic contraction of the diaphragm muscle used for breathing is directly controlled by electrical signals from the nerves. The respiratory rhythms are generated in regions such as the pre-Bö tzinger complex (PBC) in the brain stem through network mechanisms and/or together with pacemaking mechanisms (Feldman et al., 2003; Ramirez et al., 2004) . Nalcn mutant mouse pups have severely disrupted respiratory rhythm. Wild-type newborn pups have a rhythmic breathing at a frequency of about one breath per second. In the Nalcn mutant, the breathing is characterized by 5 s of apnea followed by 5 s of breath. This disrupted breathing rhythm represents an ''electrical defect,'' as the rhythmic electrical discharges recorded from wild-type C4 nerves are essentially absent in the Nalcn mutant (Lu et al., 2007) . NALCN is also expressed in the spinal cord. Whether it is involved in the central pattern generators used for rhythmic locomotion such as walking and running requires studies using conditional knockouts with NALCN disrupted in the spinal cord.
Defects in rhythmic behaviors are also obvious in the Drosophila melanogaster and C. elegans mutants. In the fly, hypomorphic alleles of the Nalcn ortholog (Na), though viable, display altered circadian locomotor rhythms (Nash et al., 2002) . Under diurnal light/dark (LD) cycle, the mutant flies have more activity in the darkness but suppressed activity in the light cycles, a pattern ''inverted'' to what's seen in the wild-type. When released to free-running condition in constant darkness (DD) from the entrainment of diurnal LD cycles, many mutant flies quickly become arrhythmic. In addition, the mutant flies do not seem to have the light-on response characterized by a marked increase in locomotor activities in the wild-type when light is turned on. Indeed, the mutant's activities quickly decrease (Nash et al., 2002) .
In both Unc79 and Nalcn mutants, flies also have a ''fainter'' locomotion phenotype characterized by ''hesitant'' walking and frequent disruptions of the rhythmic, smooth movements shown in wild-type flies climbing up vial walls after being tapped to the bottom (Humphrey et al., 2007; Nash et al., 2002) . Similarly disrupted locomotion rhythms are found in C. elegans Nalcn (NCa), unc-79, and unc-80 mutants (Jospin et al., 2007;  100 pA 1 min [Ca 2+ ] e lowered from 2 mM to 0.1 mM Substance P Figure 5 . Synergism between the G protein-Dependent and -Independent Activation of NALCN A decrease in [Ca 2+ ] e from 2 mM to 0.1 mM or an application of substance P (1 mM) each activates a small NALCN-dependent inward current in a hippocampal neuron. Simultaneous application of both the stimuli generates a large synergistic excitatory action (modified from Lu et al., 2010) . Pierce-Shimomura et al., 2008; Yeh et al., 2008) . In the worm, at least two rhythmic locomotion patterns with quite distinct kinematics are used: the animal crawls while in solid food but switches to swimming when dropped into liquid (Pierce- Shimomura et al., 2008) . A smooth switch between the two behaviors requires sensory neurons. In a forward genetic screening, unc-79 and unc-80 mutants were identified to have relatively normal crawling (though with the ''fainter'' phenotype) in solid but unable to switch to a normal swimming pattern. Indeed, the mutant worms become paralyzed in the liquid instead of expressing a smooth swimming locomotion pattern as seen in the wild-type. A similar swimming phenotype also exists in the C. elegans NCa mutant (Pierce-Shimomura et al., 2008) . In the snail Lymnaea stagnalis, the rhythmic bursting of action potentials in the pacemaker RPeD1 neurons are abolished and the respiratory behaviors of the animal are disrupted when NALCN is knocked down with siRNA (Lu and Feng, 2011) .
The reason for the apparent conservation of NALCN's role in rhythmic behaviors is a matter of speculation. In Drosophila, the expression of NA (NALCN ortholog) itself doesn't seem to have a circadian oscillation. In addition, the oscillation of key circadian proteins in the ''central clock'' such as PERIOD appears normal in the fly na mutant. These findings suggest that NA is not part of the core circadian oscillator but rather, the defect in circadian rhythms of locomotor activities in the mutant is a result of disruption in the coupling between the central clock and the neuronal networks controlling locomotion (Lear et al., 2005; Nash et al., 2002) . Consistent with this prediction, the pacemaker neurons in the mutant have higher level of PDF (pigment-dispersing factor, a neuropeptide released by the pacemaker neurons to coordinate circadian behaviors in the flies), suggesting a potential decrease in the release of PDF (and/or an increase in production) by these neurons in the mutant (Lear et al., 2005) . Transgenic expression of NA in circadian pacemaker neurons in the na mutant using the Gal4-UAS system restores the circadian phenotypes (Lear et al., 2005) . Remarkably, NA expression in a small subset of the neurons ($20 DN1 dorsal neurons) is sufficient to rescue some of the phenotypes, including the acute light-on locomotor activity response . It is not clear whether any residual function of the NA protein in the hypomorphic mutant used for the rescue experiment, if present, plays a supporting role in the other neurons. How NA contributes the fly circadian responses remains further investigated, but it's interesting to note that mammalian NALCN is activated by neuropeptides in hippocampal, VTA and pre-Bö tzinger complex pacemaking neurons (Lu et al., 2009; Peñ a and Ramirez, 2004; Ptak et al., 2009) , and the channel appears to be controlled by light input in the SCN (LeSauter et al., 2011) .
In autonomously firing neurons and pacemaking neurons within a local circuitry, NALCN as a channel that leaks Na + -mediated current may provide a constant, noninactivating, depolarizing force used to generate or modulate the rhythmic electrical activities for the control of behaviors (Atherton and Bevan, 2005; Jackson et al., 2004; Khaliq and Bean, 2010; Ptak et al., 2009; Raman et al., 2000; Russo et al., 2007) . Oscillation of membrane potential is not restricted to neurons in the brain and spinal cord but rather can be found throughout the body and is perhaps best characterized in the SA node and conduction system cells of heart. The depolarizing force during the diastole cycle in the heart is a result of interplay of several ion channels, but HCNs (I h ) are generally believed to be the major contributor (DiFrancesco, 2006; Vassalle, 1995) . However, HCN knockout adult mice have roughly normal (Herrmann et al., 2007) or reduced heartbeat rates (Baruscotti et al., 2011) , and the rate acceleration by sympathetic stimulation is intact, suggesting additional important player in heart rate regulation. NALCN is also highly expressed in the heart (Lee et al., 1999) . The use of conditional Nalcn knockout mice should clarify whether NALCN plays a role in heartbeat control. Likewise, NALCN is expressed in pancreatic b cells, where the rhythmic oscillation of E m is coupled to cell glucose metabolism and the secretion of insulin. Thus, NALCN channel may also play a role in the regulation of insulin secretion (Swayne et al., 2009) .
Given the wide expression of Nalcn in the nervous system, it is not surprising that NALCN is involved in a diffuse array of additional functions. Both worm and fly Nalcn mutants have an altered sensitivity to anesthetics such as halothane (Humphrey et al., 2007; Nash et al., 2002 ). It's not clear whether the NALCN complex is a direct target of the drugs, or if the altered sensitivity is a result of a disruption in the balance between the hyperpolarizing activity of K + channels and the depolarization provided by NALCN. Finally, heterozygous Unc79 mutant mice display a hypersensitivity to alcohol and an increased voluntary alcohol consumption (Speca et al., 2010) . SP-regulated, I NALCN -like current has been detected in VTA dopaminergic neurons and spinal cord sensory neurons, implicating NALCN in a wide array of animal responses such as pain sensation and reward-seeking behavior. The future use of conditional knockout mice carrying Nalcn deletion in specific brain and spinal cord regions during selected time windows should be useful in determining whether regulation of NALCN is important for important animal behaviors such as pain sensation and substance addiction.
Conclusions and Perspective
As is the case for K + leak conductances, Na + leak currents have been known by physiologists for over 60 years. In recent years, researchers have finally identified a Na + leak channel, elucidated the members of the channel complex, and revealed some of this channel's fundamental roles in neuronal function and animal behavior. Surprisingly, the NALCN channel is not completely selective, but instead is permeable to both Na + and K + . The basal P Na /P K in neurons is very low (4% in the squid giant axon [Hodgkin and Katz, 1949b] ). Under certain conditions, as a result of the synergistic actions between the G protein-dependent and -independent GPCR signaling pathways, the NALCN current can be increased more than 20-fold over basal levels. Given the dominant contribution of NALCN to basal P Na , this synergistic action may provide a powerful non-inactivating excitation to the neurons. Future studies using NALCN blockers and conditional knockout mice will reveal the specific excitatory actions of NALCN in different types of neurons, as well as in the various compartment of a single neuron. UNC79 and UNC80 are large and highly-conserved proteins that, as yet, have no identifiable domains. It is perhaps not likely that these two large proteins function solely in channel conduction per se. Future studies may reveal ''nonchannel'' functions of these proteins and their involvement in the regulation of neuronal excitability and plasticity. NALCN-related mutations may also be found to associate with human diseases. In humans, NALCN, UNC79, and UNC80 are encoded by genes that together span a large genomic region of $1 Mb on three chromosome locations (13q32, 14q32, and 2q34). Genetic diseases have been mapped to these regions and disease-causing mutations in NALCN, UNC79, and UNC80 may be discovered in the future. In particular, we may discover that NALCN sequence variations in the human population, particularly in the poorly conserved C terminus where single amino acid mutations drastically change the channel's calcium sensitivity, lead to variability in excitability in the nervous system. ACKNOWLEDGMENTS I thank Dr. David Clapham for supporting my earlier work on NALCN while I was a postdoctoral fellow in his laboratory. I also thank members of my laboratory for discussion and NIH (grants 5R01NS055293 and 1R01NS074257) for supporting the related research.
